$ 

i\ 

m 

1 1 

jpl 

wm 

m 

TECHNICAL  REPORT  NO.  6-570  - 

DURABILIiTY  AND  BEHAVIOR  OF 
PRESTRESSED  CONCRETE  BEAMS 

Rtjjiort  5 

LABORATORY  TESTS  OF  WEATHERED 
PRETENSIONED  BEAMS 
by 

Edwtrd  F.  G*N#il 
Concr*U 

U.  S.  Army  W«l*rw«yt  Experiment  SUUon 

P,  O.  Box  631/  Vickiburg/  Mi«.  39160 

JuM  1976 

Rtpert  5 of  a Soritt  ‘C 


Fm  fiMc  R«Ihh:  KtliMioa  U«i)«st44 


ITu* 


Pfipired  for  Ofhee,  Chief  of  Engineers/  U.  S.  Army 
Washington/  D.  C.  20314 


Uwier  Work  Unit  Oi  04  01-31133 


sccumTv  ccAUincATinM  or  tmu  pa&c 


REPORT  DOCUMENTATION  PAGE 


SAr.F  KKAO INSTRUCTIOSS 

HKFOKK  COMPI.ETISr.  FORM 

: GOVT  ACCCiSlOH  NO.  NGCH>ICNT-t  CATAkOO  NUMIKN 


Technical  ReMrt,,  J(e. 

-n  — I .' ".nwi  I .1  ■ I I - - — — .1 . — 

I.  I I I.„,  J % TVPC  or  HC^aNT  * fCWOO  fOVCNCO 

WRAEILITY  AliD  PHSAVIOH  OF  ^ECTSEl^SED  ^liSHCTF  / 

3EA:S;*^le^^rt  XABOMTf'BY  TESTil  OF  WFA’fHEBED  } Rer-:.rt  of  a series 

JFIbmV^nBTlS  BiV’ , ^ . 1 ‘ ^”^o"'«'NOo»io.m:»>o>tTNumta 


Eiuard 


• CCiNTNACT  OR  GNANT  NUMICWtl 


It.  PCRrONHING  OHGANIXATieN  NAME  AND  AOr<REiN 


U.  S.  *\rr>y  Enplneer  Vatefwaya  i^perinent  Station 
Concrete  Laboratory 

P.  0.  Pox  6li.  Vieknburp:.  Mina.  HOlHo 


Id  l»Ke«4NAM  rcLMCNT  mOJCCT,  TASfC 
AnCA  A UNIT  HUMtCNS 


Vork  Unit  01  0!<  01/31133 


in  coNTROLkiNO  ornec  name  and  AOOREst 


Office,  Chief  of  Ijiplsieora,  U.  S.  Amy 
WaahinRton,  D.  C.  ?03lh 


//y 


4r  MONItONlNO  A6t;NCT  NAHC  A AUCNl)V«r  I rUNitpl  I 1%  SCCUNlTV  CWASS  f«r  lAU  #9| 


W£s-/  h-<i>  - S'/^P-' 


Unci  ansi  fje.i__^ 

lia.  OtCVAttiriCATION'OOtNGRAOlHO 
SCHtOULC 


VTION  STATEMENT  M IM« 


Ape  cd  public  release;  distribution  unlinitcd. 


[it  DISTNIiUTION  STATCMCnT  f«l  lAr  in  it  tSlUttHM  trim  N«|H»rO 


I II  SUI*^'UCMCNTAnY  NOTES 


Iff  KEY  »0NPS  on  i9ttr$0  •nd'  tJtniitf  t>* 

Concrete  beans  PretenoioninE 

Concrete  durability  Reinforcing  steels 

Corrosion  Tensile  strength 

Itaboratory  tests 

Prcntreosed  concrete 

20.  A#H.^ACT  fConf/nw#  on  f#¥#r««  iidf  It  n»(*«c^ry  fuS  idmutf  by  bloffc  numb#f| 


to.  AVH,^ACT  fConf/nw#  on  iidf  It  n»t»»i^ry  »nd  identity  by  bloffc  numb#f| 

■"rais  report  is  the  fifth  in  a series  deccrlDing  a study  which  is  being 
conducted  to  develop  infornation  on  the  durability  of  prestressed  (pre- 
tensioned and  posttensioned)  concrete  beans.  This  report  describes  tests 
and  observations  on  two  beans  that  had  been  exposed  to  severe  weathering  for 
l6  years  in  a flexurolly  loaded  condition  at  the  Treat  Island,  toine,  exposure 
station.  This  phase  of  the  study  was  conducted  in  the  san>*  nanner  as  that 
deoeribed"in  Report  3 of  this  series,  and  the  beans  used  wore  the  sane  as  those 
\ . (Continued) 


COITION  OF  I NOV  SS  IS  OBSOLETE 


Unclassifl od 

SECURITY  CLASSIFICATION  OF  THIS  PAGE  iRTifn  D*l»  Enlnfd) 


fyt 


»ICUWTy  COlUrtOTlOK  of  TMII  PAWftNX  B*<«  f0>4M*C 


ro.  ABSTRACT  (Continued). 

fr<3«  Treat  Island  deseribed  In  Report  3t  with  the  exception  of  the  loading 
condition  ©f  the  beans  during  the  years  of  weathering. 

'^The  laboratory  tests  conducted  on  these  beans  consisted  of  exanlnation 
and  tensile  testing  of  the  steel  prestressing  (pretensioning)  strands  after  re- 
noval  frc*  the  beans  and  also  tests  to  deteraine  depths  of  carbonation  and 

chloride  penetration  into  the  test  beans 

_ ^ _ --  — — — 

She  conclusions^ drawn  fron  the  tests  conducted  on  these  besns  are  as 
follows:  

^ a.  The  steel  prestressing  strands  were  heavily  corroded  due  to 

spalling  of  the  concrete  and  detnchaent  of  the  protective  epoxy 
end  padsi.  The  corrosion  was  heaviest  at  the  ends  of  the 
strands,  but  it  was  also  heavy  i'»  sone  areas  of  the  nidportion 
of  the  strand. 

b.  The  corrosion  of  the  strands  was  so  severe  that  ©f  the  eight 
rtrands  tested  in  tension  (four  fron  each  bean),  none  of  the 
strands  passed  all  of  the  ASTH  tests  for  tensile  strength  or 
elongation  under  load. 

£.  The  corrosion  on  the  center  wire  of  each  strand  was  of  the  sane 
~ intensity  as  that  on  the  outer  wires <and  had  progressed  the 
sane  distance  into  the  bean. 

^'d.  In  areas  of  heavy  corrosion  of  the  strand,  there  was  no  ceaent 
paste  stuck  to  the  8trah_dsj  where  the  steel  was  only  lightly 
corroded,  there  was  cement  paste  stuck  to  the  strands,  thereby 
indicating  that  water  had  penetrated  into  the  bean  along  the 
ceaent  paste-steel  interface  where  the  bond  had  broken  and  then 
; into  the  center  wire  through  the  outer  wire. 

£.  Results  of  tests  to  ascertain  de^th  of  carbonation  indicated 
~ that  carbonation  was  not  a factor  in  the  corrosion  of  the  steel. 

f.  Results  of  tests  to  ascertain  the  degree  of  chloride  contamina- 
tion revealed  that  there  were  sufficient  chlorides  present  to 
be  a major  cause  of  coi'rosion  of  the  prestressing  strands. 
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LABORATORY  TESTS  OF  WEATHERED  FRETENSIQMED  BEAMS 

PART  I:  IKTRODUCTION 

Background 

1.  This  investigation  vas  begun  in  19^B  to  develop  inforaation  on 

the  durability  and  behavior  of  prestressed  concrete  beams.  Reports  l-!< 
1«L 

of  this  series  describe  the  test  beams  and  the  progress  of  this  in- 
vestigation through  197^*  They  include  data  on  pretensioned  beams  weath- 
ered at  the  Treat  Island,  Maine,  exposure  station  and  at  St.  Augustine, 
Florida,  and  on  posttenaioned  beams  weathered  at  Treat  Island.  The  pre- 
tensioncd  concrete  beams  used  in  the  phase  of  the  investigation  reported 
herein  were  installed  at  the  outdoor  tidal  exposure  station  at  Treat 
Island  in  1958  and  1959*  The  beams  were  subjected  to  freezing  in  air 
and  thawing  in  seawater  for  l6  winters  and  inundated  twice  each  day  by 
the  tides.  Then  they  were  returned  to  the  Concrete  Laboratory  at  the 
U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  for  examination 
and  testing. 


Purpose 


2.  The  primary  purpose  of  this  phase  of  the  investigation  was  to 
gather  additional  information  on  the  condition  of  the  prestressing 
strands  from  selected  weathered  beams  returned  to  the  WES  from  the  Treat 
Island  exposure  station.  Of  primary  interest  was  the  condition  of  the 
central  wire  of  each  seven-wire  prestressing  strand  and  its  effect  on 
the  surrounding  wires  with  regard  to  passage  of  water  into  the  center  of 
the  beam.  One  of  the  conclusions  stated  in  Report  3 of  this  series  was 
that  "internal  strand  corrosion  seemed  to  progress  along  the  center  wire 
from  the  ends  of  the  beam  and  extended  generally  w-ill  beyond  the  ex- 
ternal corrosion  on  the  strands."  The  beams  were  also  examined  in  the 
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sofiw  manner  aa  that  deaerlbed  in  Rej«3rt  3 of  thia  aeries  (Reference  3) 
in  order  to  provide  a basis  for  comparison  of  results  obtained  in  these 
tvo  phases  of  testing. 


Scope 

3.  The  vork  encompassed  in  this  phase  of  the  investigation  in- 
cluded visual  examination  and  laboratory  testing  of  the  concrete  and  the 
prestressing  steel  strands  of  beans  13  and  21  of  the  pretensioned  bean 
aeries.  The  specific  tests  performed  vere  as  follows: 

a.  Visual  examination  of  the  beams,  including  photographic 
recording  of  rusting,  spalling,  and  staining. 

b.  Examination  and  cataloging  of  the  steel  pretensioned 
strands  to  determine  extent  of  corrosion. 

£,.  .Structural  testing  of  selected  strands  from  each  beam  to 
determine  tensile  strength,  elongation  at  failure,  and  the 
stress-strain  characteristics  of  each  strand. 

d.  Tests  for  degree  of  chloride  contamination. 

e.  Tests  for  depth  of  carbonation. 


lABT  II:  DiSCHIFTIOJI  OK  TEST  SfECIMSHS 


Ji.  Thr?  pretension^d  concrete  bcaws  in  this  study  vere  of  reetanpu- 
lar  cress  section  by  9 in,*)  and  vere  B1  in.  lonp.  Each  bean  con- 


tained nine  l/J4-in.  (i  by  7)  prestressing  :5trand:t  located  as  shown  in 
Kipure  1.  The  beans  were  made  of  good  quality  air-entrained  concrete 


Figure  1.  Detailed  section  of  pretensioned  concrete  be«i»2 


* A table  of  factors  for  converting  U.  S.  customary  units  of  measure- 
ment to  metric  (KI)  units  is  presented  on  page  3. 
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utiftf  ll&^ttoae  Phy«tlciil  properties  of  the  cmcrete  Mixture 


vere: 
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1~i«  ends  of  the  steel  strsads  vero  out  to  be  flush  vith  the  ends  of  the 
besMS  SAd  yert  protested  at  each  bew  end  vith  a pad  of  epoxy  igpproxi- 
Bately  I by  '•  by  i/'j  in.  thicK. 

5.  Ail  the  pretenrirmod  besKS  included  in  this  phase  of  the  study 
vere  shippei  to  the  VES  from  Treat  Islano  at  i;he  time  of  this  investiga- 
tiotit»  and  beams  15  and  .^1  vere  chocun  for  testinc.  These  beams  had  been 
installed  at  Treat  Island  in  various  loading  conditions  in  October  of 
1958  and  vere  returned  to  the  laboratoi.'y  at  MtS  After  I6  winters  of  tidal 
exposure.  The  pretensioning  steel  in  both  beams  had  been  stressed  to 
70  percent  of  uLtimste  strength  of  the  strnnd. 


Beam  1‘ 


6.  Beam  13  vms  loaded*  as  half  of  a yoked  pair*  to  6319  lb* 
which  was  10€  percent  of  prestress  load.  Photos  la  and  lb  show  the  con- 
ditions of  the  landward  and  seaward  ends*  respectively*  of  this  bean  at 
the  time  it  vas  received  in  the  laboratory'.  A?  shown  in  these  photos* 
both  ends  had  received  heavy  damage  due  to  spalling*  thereby  resulting 
in  exposure  of  the  strands  to  direct  contact  with  the  saline  environswi.t. 
Photc  2a  shows  the  profile  of  the  beam  and  the  damage  to  the  landwnrd 
end.  The  seaward  end  vas  less  dsnaged*  but  both  ends  of  the  beam  had 
lest  the  epoxy  pads  that  protected  the  ends  of  the  strands.  The  edges 
of  the  beam  showed  moderate  damage  due  to  weathering  of  the  concrete 


surface. 


Beam  21 


7.  Photo  2b  shows  a profile  of  beam  21  as  it  vas  received  from 
Treat  Island.  There  Is  moderate  to  heavy  damage  due  to  weathering*  and 


t))«  beaa  it  cracked  both  at  the  landward  and  aeavard  ends  and  in  the 
Biddle  on  the  tenaim  face.  This  bean  was  loaded  to  5633  lb,  which  was 
100  percent  of  the  preatresa  load.  Rratoa  3a  and  3b  show  the  deteriora- 
tion of  the  landward  and  seaward  ends,  respectively.  Both  epoxy  pads 
were  Bissins,  and  at  the  ends  Boderate  aaounts  of  spalling  had  occurred, 
thereby  exposing  1-3  in.  of  the  strands  to  seawater  corrosion.  CcB^ari- 
son  of  Photos  3a  and  3b  shows  that  the  corrosion  at  the  landward  'nd  was 
Bore  advanced  than  that  at  the  seaward  end. 


PART  IIX:  TESTS  AHD  RESULTS 


ExMilnatloR  of  tha  Strands 


8.  After  photographs  vere  taken  to  record  the  condition  of  the 
outside  of  each  bean^  the  concrete  vas  separated  fron  the  steel  preten- 
sionlng  strands.  Photos  W and  4b  shov  the  strands  as  they  vere  being 
resMved  fron  the  beans.  The  concrete  around  the  strands  of  each  bean 
(Photos  4a  and  4b)  broke  into  saaller  pieces  than  did  that  at  the  top 
half  of  the  beaut  and  in  both  beaas  the  horizontal  planes  of  the  r^rands 
acted  as  planer  of  fracture  vhen  the  concrete  vas  broken.  Ibe  ends  of 
bean  13  are  shovn  in  Photos  ?a  and  The  strands  shov  heavy  rusting 
close  to  the  ends  vhere  they  vere  exposed  vhen  the  concrete  spalled. 
Also,  in  this  area  the  concrete  anround  the  strands  vas  stained  vith  the 
products  of  corrosion.  Farther  into  the  bean  vhere  there  vas  less  rust 
on  the  strands,  tere  vere  fever  stains  on  the  concrete.  Photos  6a  and 
6b  shov  the  rust  on  the  strands  and  rust  stains  on  the  concrete  of  bean 
21  at  the  landvard  and  seavard  ends,  respectively.  Where  the  strands 
vere  heavily  rusted,  the  concrete  vas  heavily  rust-stained,  and  vhere 
the  strands  vere  lightly  rusted,  sinilar  rust  stains  occurred  on  the 
concrete. 

9>  Of  the  nine  pretensioned  strands  in  each  bean,  the  four 
strands  in  the  best  condition  vere  chosen  for  structural  testing.  The 
remaining  strands  vere  unraveled  and  the  extent  of  corrosion  on  the 
strands  recorded.  Particulaur  note  vas  nade  of  the  extent  of  corrosion 
on  the  center  vire  vith  relation  to  that  on  the  outside  vires  that 
surrounded  it. 

10.  The  locations  of  the  steel  strands  in  each  concrete  bean  are 

shown  in  Figure  1.  There  are  three  strands  in  each  of  three  rovs:  the 

strands  in  the  rov  nearest  the  top  of  the  bean  as  cast  are  numbered  1, 

2,  and  3;  those  in  the  middle  rov  4,  and  6;  and  those  in  the  bottom 
rov  7»  8»  and  9*  Each  strand  is  a nominal  1/4-in. -diam  strand  consist- 
ing of  seven  vires,  a center  vire  vith  six  others  surrounding  it. 

11.  The  terms  used  in  evaluating  the  corrosion  on  the  surface  of 
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the  steel  strands  ^rom  beaas  13  and  21  are  the  sams  as  those  used  and  de- 
fined in  Report  3 (Reference  3)*  thereby  naking  possible  a comparison  be- 
tveen  the  results  reported  herein  and  those  presented  in  Report  3.  For 
convenience^  terns  and  definitions  are  reproduced  below. 

Surface  Area  of  Strand 
Coated  with  Corrosion 
Exten'c  of  Corrosion  Products,  percent 

Heavy  80-100 

Moderate  30-80 

Light  0-30 


Heavy  corrosion  of  the  strands  is  shown  in  Photo  7a  and  light  corrosion 
in  Photo  7b. 

1£.  The  tests  conducted  on  the  pretensioned  besns  retxumed  from 
Treat  Island  were  as  follows: 

a.  Examination  of  steel  prestressing  strands. 

b.  Detemination  of  tensile  strength  and  elastic  properties 

~ of  the  steel  strands. 

£.  Tests  for  depth  of  carbonation. 

d.  Tests  for  degree  of  chloride  contamination. 

Bean  13 

13.  The  following  subparagraphs  describe  the  corrosion  on  the 
steel  strands  fron  bean  13. 

a.  Strand  1. 

(1)  Landward  end:  External  corrosion  extended  for  7 in. 

fron  the  end  (0-l«  in.  » heavy;  l:-7  in.  * moderate). 

(2)  Seaward  end:  External  corrosion  extended  for  9 in. 

fron  the  end  (0-2  in.  » heavy;  2-9  in.  * nwderate). 

(3)  Rest  of  strand:  There  was  light  rust  over  much  of 

the  midportion  of  the  strand  with  two  1-in.  spots  of 
heavy  rusting,  one  17  in.  from  the  landward  end  and 
the  other  13  in.  from  the  seaward  end. 

(J<)  Internal  versus  external:  The  rust  on  the  center 

wire  exactly  matched  that  on  the  outer  wires  for 
both  ends. 

b.  Strand  2. 

(l)  L8uidw6u:d  end:  External  corrosion  extended  for  55  in. 

from  the  end  (0-55  in.  = heavy). 
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(2)  Seavard  end:  External  corroaio;i  extended  for  3 In. 
fro«  the  end  (0-3  in,  ■ heavy). 

(3)  Beat  of  strand:  The  rusting  vas  heavy  over  nost  of 
the  Bldsection  of  this  strand,  like  that  described 
above  for  the  landward  end  of  this  strand.  The  only 
section  that  vas  lightly  rusted  vas  close  to  the  sea- 
ward end. 

(4)  Internal  versus  external:  The  center  wire  vas  heavily 
rusted  where  the  outer  vires  vere  rusted  for  3?  in. 
fron  the  landward  end  and  lightly  rusted  for  the  re- 
nainder  of  the  strand. 

c.  Strand  3. 

(1)  Landward  end:  External  corroi^ion  extended  for  l8  in. 
froa  the  end  (0-17  in.  > heavy;  17-18  in.  > aoderate). 

(2)  Seaward  end:  External  corrosion  extended  for  3 in. 
froD  the  end  (0-2  in.  ■ heavy;  2-3  in.  ■ moderate). 

(3)  Rest  of  strand:  At  a spot  27  in.  from  the  landward 
end,  there  vas  a patch  of  heavy  rusting  2 in.  long. 

The  rest  of  the  strand  vas  mildly  rusted.  At  the 
landward  end  the  vires  of  this  strand  vere  badly 
tvisted  and  bent. 

(4)  Internal  versus  external:  At  the  isolated  spot  of 
rust  27  in.  from  the  landward  end,  the  center  vire 
became  heavily  rusted.  The  rusting  on  the  center 
vire  to  either  side  of  this  area  vas  light.  At  the 
landward  end  where  the  outer  vires  vere  tvisted  and 
bent,  the  center  vire  was  missing  from  the  le  gth  of 
the  twisted  section.  The  rust  at  the  seaward  end 
vas  light. 

d.  Strand  4. 

(1)  Landward  end:  External  corrosion  extended  for  18  in. 

from  the  end  (0-5  in.  ■ heavy;  5-15  in,  » moderate; 
15-18  in.  « light). 

(2)  Seaward  end;  External  corrosicn  extended  for  3 in. 
from  the  end  (O  to  1/2  in.  » heavy;  1/2  to  3 in.  * 
moderate ) . 

(3)  Rest  of  strand;  There  were  light  intermittent  areas 
of  rust  on  the  midportion  of  the  strand,  but  overall 
the  rusting  vas  light. 

(’•)  Internal  versus  external:  At  the  landward  end  the 

heavy  rusting  on  the  center  wire  extended  2 in.  far- 
ther into  the  beam  than  did  that  on  the  outer  vires; 
on  the  rest  of  the  strand  the  corrosion  essentially 
matched  that  on  the  outer  vires. 
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strand  5. 

(1)  Landward  end:  External  corrosion  extended  for  30  in. 
fron  the  end  (0-30  in.  * heavy). 

(2)  Seaward  end:  External  corrosion  extended  for  7 in. 
frost  the  end  (0-2  in.  ■ heavy;  2-5  in.  ■ moderate; 

5- 7  in.  ■ light). 

(3)  Rest  of  strand:  At  28  in.  from  the  landward  end  there 
was  a spot  of  heavy  rust  1 in.  long;  otherwise  there 
were  only  light  spots  of  rusting. 

(I4)  Internal  versus  external:  At  the  seaward  end  there 
was  moderate  to  heavy  rusting  from  0 to  7 in. , 
after  which  the  rust  became  light.  For  the  30  in. 
at  the  landward  end*  the  center  wire  was  heavily 
rusted. 

Strand  6. 

(1)  Landward  end:  External  corrosion  extended  for  7 in. 

frc»  the  end  (0  to  2-1/2  in.  ■ heavy;  2-1/2  to  7 in. 

■ moderate). 

(2)  Seaward  end:  External  corrosion  extended  for  7 in. 
from  the  end  (0  to  2-1/2  in.  ■ heavy;  2-1/2  to  5 in. 

> moderate;  5~7  in.  ■ light). 

(3)  Rest  of  strand:  From  lU  to  2^  in.  f;*om  the  seaward 
end,  there  was  light  to  moderate  rur'.ing  on  the  mid- 
portion of  the  strand. 

(I4)  Internal  versus  external:  The  corrosion  on  the  cen- 

ter wire  matched  that  on  the  outer  wires.  In  general, 
the  rusting  was  light  with  the  exception  of  the  ex- 
treme 2-1/2  in.  at  each  end. 

Strand  7. 

(1)  Landward  end:  External  corrosion  extended  for  7 in. 
from  the  end  (0-3  ••.n.  * heavy;  3-7  in.  * moderate). 

(2)  Seaward  end:  External  corrosion  extended  for  8 in. 

from  the  end  (0-3  in.  «*  heavy;  3-6  in.  * moderate; 

6- 8  in.  - light). 

(3)  Rest  of  strand;  There  were  two  spots  of  heavy  rust 
on  the  midsection  of  this  strand,  one  a 3-in.  rust 
spot  18  in.  from  the  seaward  end  auid  the  other  a 
1-in. -long  spot  29  in.  from  the  seaward  end. 

(4)  Internal  versus  external:  The  rusting  on  the  center 

wire  was  heavy  at  both  ends,  matching  the  external 
corrosion  on  the  strand.  At  the  two  heavy  spots  on 
the  midportion  of  the  strand,  the  center  wire  had 
heavy  corrosion. 
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h,  strand  8. 

(1)  Landward  end:  External  corrosion  extended  for  9 in. 

fro«  the  end  (0-k  in.  ■ heavy;  I«-9  in.  ■ noderate). 

(2)  Seaward  end:  External  corrosion  extended  for  8 in. 
froa  the  end  (0-7  in.  ■ heavy;  7-8  in.  » noderate). 

(3)  Rest  of  strand:  On  the  nidportion  of  the  rttrand 
there  was  a 26-in. -long  section  that  had  10  in.  of 
heavy,  10  in.  of  noderate,  and  6 in.  of  light  corro- 
sion. Two  of  the  wires  were  hroken  in  this  area  due 
to  heavy  corrosion. 

(I4)  Internal  vc  it  external:  The  inner  wire  had  corro- 

sion over  the  entire  length.  At  both  ends  the  cor- 
rosion of  the  center  wire  was  heavy  and  natched  that 
of  the  outer  wires.  Throughout  the  nidportion  the 
corrosion  was  light  to  noderate. 

i.  Strand  9. 

(1)  Landward  end:  External  corrosion  extended  for  10  in. 
froB  the  end  (0-l<  in.  ■ heavy;  i(-10  in.  > noderate). 

(2)  Seaward  end:  External  corrosion  extended  for  7 in. 
fron  the  end  (0-l|  in.  ■ heavy;  >«-7  in.  ■ noderate). 

(3)  Rest  of  strand:  There  was  light  rusting  over  the 
entire  nidportion  of  this  strand  with  heavy  rust 
spots  1 in.  long  at  13 » 22,  and  29  in.  from  the 
seaward  end. 

(!<)  Internal  versus  external:  Ihe  corrosion  on  the  cen- 
ter wire  natched  that  on  the  outer  vires. 

ill.  The  following  tabulation  sunnarizes  the  corrosion  to  the 
strands  of  bean  13. 

Extent  of  Corrosion* 


Strand 

Landward 

End 

Seaward 

End 

Rest  of  Strand 

i 1 

2-H 

Light  rust  over  rest  of  strand.  Two 

3-M 

7-M 

1-in.  heavy  spots 

2 

55-H 

3-H 

Most  of  the  nidspan  heavily  rusted 

3 

17-H 

2-H 

Generally  light  rust.  At  27  in.  fron 

1-M 

1-M 

the  landward  end,  a 2-in .-long 

heavily  rusted  area 
(Continued) 


• 1|-H,  3-M  denotes  heavy  corrosion  on  the  first  1|  in.  and  light 
corrosion  on  the  next  3 in. 
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Extent  of  Corrosion 


Landward 

Seaward 

Strand 

End 

End 

Rest  of  Strand 

k 

5-H 

1/2-H 

Light  intermittent  rust  on  all  the 

10-N 

2-1/2-M 

wires 

1 

3-L 

5 

30-H 

2-H 

Light  rust  over  rest  of  wires.  At 

3-M 

28  in.  from  landward  end,  a 1-in. 

2-L 

heavy  rust  spot 

6 

2-1/2-H 

2-1/2-H 

From  l4  to  24  in.  from  seaward  end. 

1 

4-1/2-M 

2-1/2-M 

2-L 

light  to  moderate  rust  : 

1 

( 

7 

3-H 

3-H 

Two  1-in. -long  spots  of  heavy  rust; 

1 

i 

4-M 

3-M 

rest  only  lightly  rusted 

! 

2-L 

8 

4-H 

7-H 

In  26-in. -long  section,  10  in.  of  heavy. 

1 

1 

1 

5-M 

1-M 

10  in.  of  moderate,  and  6 in.  of 
light  rust;  two  broken  wires  due  to 
heavy  corrosion 

9 

4-h 

4-H 

Light  rust  over  entire  section.  1-in. 

6-m 

3-M 

spots  of  heavy  rust  at  13 > 22,  and 

29  in.  froB  landward  end 

1^.  External  corrosion  on  the  strands  of  teas  13  was  generally 
heavy  for  the  first  3 in.  fron  the  landward  end;  then  the  corrosion  be- 
came moderate.  Strands  2,  3«  and  ^ exhibited  heavier  corrosion  for 
greater  distances  into  the  beam,  the  greatest  being  strand  2 with  heavy 
corrosion  for  55  in.;  however,  basically  the  corrosion  beyond  30  in.  be- 
came light  and  intermittent.  At  the  seaward  end  of  the  strands,  the  cor- 


rosion was  generally  heavy  for  less  than  k in.  and  then  became  moderate 
to  8 in.  The  centers  of  the  strands  were  in  most  cases  lightly  corroded 
with  intermittent  heavy  rust  spots  at  vaurlous  distances  from  the  ends. 
Strands  2 and  8 had  extended  lengths  of  moderate  and  heavy  rusting. 

l6.  The  intensities  of  rusting  on  the  center  wires  of  the  beam  13 
strands  matched  those  on  the  external  wires  in  all  cases  except  the  one 
for  the  landward  end  of  strand  4.  Here  the  center  wire  was  heavily 
corroded  for  2 in.  farther  into  the  beam  than  were  the  outer  wires. 
Photos  8a-8c  show  the  relation  between  the  outer  wires  amd  the  inner 
wire  of  strands  3,  7,  and  8 in  beam  13.  Although  the  rusting  is 
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difficult  to  see  becsuse  of  the  leek  of  contrest,  these  photographs  shov 
hov  the  rusting  of  the  inner  vire  Batches  that  of  the  outer  vires.  In 
each  photograph,  the  vires  are  sore  heavily  corroded  in  the  right  half 
of  the  picture. 

Beaa  21 

17*  The  foUoving  subparagraphs  describe  the  corrosion  on  the 
steel  strands  exaained  froai  beaa  21. 

a.  Strand  1. 

(1)  Landvard  end:  External  corrosion  extended  to  12  in. 

fron  the  end  (0-9  in.  ■ heavy;  9-11  in.  ■ Moderate; 
11-12  in.  > light). 

(2)  Seavard  end.* 

(3)  Rest  of  strand:  There  vere  light  intermittent  spots 
of  rust  throu^iout  the  central  portion  of  the  strand. 

(1()  Internal  versus  external:  Heavy  corrosion  existed  on 

the  center  wire  up  to  12  in.  froei  the  landvard  end  of 
the  strand;  there  vas  light  rust  on  the  center  strand 
throughout  its  entire  length. 

b.  Strand  2. 

(1)  Landvard  end:  External  corrosion  extended  to  19  in. 

fro«  the  end  (0-9  in.  « heavy;  9-19  in.  ■ aoderate). 

(2)  Seavard  end.* 

(3)  Rest  of  strand:  There  vas  light  rust  on  the  central 
portion  of  this  strand  over  its  entire  length. 

(l()  Internal  versus  external:  Moderate  and  heavy  rusting 
on  the  center  vire  matched  that  on  the  outer  vires  to 
19  in.  from  the  landvard  end.  The  center  vire  had 
light  rust  throughout  its  entire  length. 

c.  Strand  3. 

(1)  Landvard  end:  External  corrosion  extended  for  30  in. 
from  the  end  (0-30  in.  ■ heavy). 

(2)  Seavard  end:  External  corrosion  extended  for  24  in. 

from  the  end  (0-19  in.  ■ heavy;  19-24  in.  « moderate). 

(3)  Rest  of  strand:  There  vere  small  rust  spots  less 
than  1/2  in.  long  over  most  of  the  midsection. 

(4)  Internal  versus  external:  Internal  corrosion  at  the 


• Portions  of  the  strand  were  either  destroyed  by  or  not  identified 
after  structural  testing. 
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landwEird  end  Matched  the  external  corrosion  on  the 
strand,  and  corrosion  on  the  center  wire  in  the  xld- 
section  of  the  strand  was  light.  The  corrosion  on 
the  central  wire  at  the  seavard  end  extended  1/2  in. 
farther  into  the  besM  than  did  that  on  the  outer 
vires. 

d.  Strand  U. 

(1)  Landward  end:  External  corrosion  extended  for  9 in. 
frosi  the  end  (0-9  in.  « Moderate). 

(2)  Seaward  end:  External  corrosion  extended  for  22  in. 
froM  the-  end  (0-4  in.  ■ Moderate;  4-22  in.  ■ heavy). 

Best  of  strand:  Ftom  30  to  42  in.  froM  the  landward 
end  the  external  corrosion  was  heavy.  On  the  rest  of 
the  Midsection  there  was  light  rust. 

Internal  versus  external:  The  corrosion  on  the  cen- 
ter wire  Matched  that  on  the  outer  vires.  Heavy  cor- 
rosion existed  on  the  center  wire  over  9 in.  of  the 
landward  end  and  22  in.  of  the  seaward  end.  The  Mid- 
section of  the  center  wire  had  light  I'usting. 

£.  Strand  5. 

(1)  Landward  end:  External  corrosion  extended  for  15  in. 
froM  the  end  (0-15  in.  ■ Moderate). 

(2)  Seaward  end:  External  corrosion  extended  for  30  in. 

froM  the  end  (0-12  in.  ■ Moderate;  12-30  in.  » heavy). 

(3)  Rest  of  strand:  Froa  20  to  30  in.  from  the  landward 
end  the  rusting  was  heavy.  The  rest  of  the  Midsection 
was  lightly  rusted. 

(4)  Internal  versus  external:  The  corrosion  on  the  cen- 
ter wire  was  the  saae  as  that  on  the  outer  vires.  The 
rusting  was  heavy  at  both  ends  and  also  froa  20  to 

30  in.  froa  the  landward  end.  The  reaaining  rust  on 
the  center  wire  was  light. 

_f.  Strand  6. 

(1)  Landward  end:  External  corrosion  extended  for  10  in. 

froa  the  end  (0-2  in.  * heavy;  2-4  in.  ■ light; 

4-10  in^  * heavy). 

(2)  Seaward  end:  External  corrosion  extended  for  20  in. 

froa  the  end  (0-7  in.  * heavy;  7-20  in.  ■ noderate). 

(3)  Rest  of  a: rand;  The  entire  central  section  froa 

10  in.  trfm  the  landward  end  to  20  in.  froa  the  sea- 
ward end  was  heavily  corroded.  The  steel  was  so  cc- 
teriorated  that  at  48  in.  froa  the  landward  end  t>o 
of  the  outer  wires  were  broken. 
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(k)  Zntejrnal  versui  lUctemAl:  There  wee  heavy  corrosion 
over  Most  of  the  central  wire  in  this  strand.  The 
only  area  that  hitd  less  than  heavy  corrosion  vas  at 
10  in.  froa  the  landvard  end,  where  the  corrosion  was 
Moderate.  At  the*  point  I<8  in.  fron  the  landward  end 
where  the  outer  vires  were  broken,  it  was  also  found 
that  the  central  wire  had  been  broken  due  to  exces- 
sive corrosion.  The  central  wire  was  i0.so  broken  at 
a point  S7  in.  fi'oa  the  landward  end. 

&•  Strand  7. 

(l)  Landward  end:  External  corrosion  existed  for  12  in. 
from  the  end  (0-12  %n.  ■ heavy). 

(2)  Seaward  end.* 

(3)  Reat  of  strand:  There  vas  Moderate  corrosion  on  the 
wires  in  the  Midsection  of  this  strand.  This  strand 
was  tension-tested  and  left  in  four  sections,  thus 
hindering  evaluation. 

iU)  Internal  versus  external:  At  the  landward  end  the 
internal  wire  was  corroded  to  the  ssMe  depth  and  de- 
gree as  were  the  outer  vires.  There  vas  heavy  cor- 
rosion for  12  in.  froa  the  end  of  the  strand.  Corro- 
sion on  the  rest  of  the  strand  vas  difficult  to 
catalog,  but  what  appeared  to  be  the  central  wire  vas 
moderately  to  heavily  corroded. 

h.  Strand  8. 

(1)  Landward  end:  External  corrosion  extended  for  12  in. 

froa  the  end  (0-6  in.  > heavy;  6-12  in.  > Moderate). 

(2)  Seaward  end:  External  corrosion  extended  for  10  in. 

fron  the  end  {0~U  in.  » light;  4-10  in.  ■ noderate). 

(3)  Rest  of  strand:  Fron  31  to  50  in.  fron  the  jAndvard 
end  the  corrosion  vas  Moderate. 

(4)  Internal  versus  external:  The  corrosion  of  the  cen- 
ter wire  matched  that  of  the  outer  vires  at  both  ends, 
and  in  the  nidsection  the  corrosion  vas  heavier 
31-50  in.  fi'on  the  landvard  end  titan  anywhere  else  in 
the  middle. 

i . Strand  9. 


(r)  Landvard  end:  External  corrosion  extended  for  4 in. 

fron  the  end  (0-4  in.  » heavy). 


Portions  of  the  strand  were  either  destroyed  by  or  not  identified 
after  structural  testing. 
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(2)  Seaward  end:  Kxtemal  corrosion  extended  for  60  in. 
froM  the  end  (0>6  in.  ■ Moderate;  6-60  in.  ■ heavy). 

(3)  Rest  of  strand:  Most  of  the  central  portion  of  the 
strand  was  heavily  rusted  and  has  l>een  described 
above.  The  rest  of  the  strand  was  lightly  corroded. 

(k)  Internal  versus  external:  Heavy  corrosion  on  the  cen- 
ter wire  was  identical  to  that  found  on  the  outer 
vires.  Fro«  0 to  60  in.  the  seaward  end  was  heavily 
corroded,  as  was  the  landward  end  from  0 to  >4  in. 

18.  The  foUoving  tabulation  suMnarizes  the  corrosion  to  the 
strands  of  bean  21. 

Extent  of  Corrosion* 


Strand 

Landward 

End 

Seaward 

End 

Rest  of  Strand 

A 

9-H 

2-M 

1-L 

Not  available 

Light  intemittent  rust  thrm:ghout 

2 

9-H 

10-M 

Not  available 

Light  intemittent  rust  throughout 

3 

30-H 

19-H 

5-M 

Snail  rust  spots  1/2  in.  long  over 
Most  of  section 

I( 

9-M 

I4-M 

18-H 

Heavy  corrosion  30-l|2  in.  from  land- 
ward end;  light  rust  over  rest  of 
section 

5 

15-M 

12-M 

18-H 

Heavy  rust  20-30  in.  fro*  landward 
end;  light  rust  over  rest  of 
section 

6 

2-H 

7-H 

Fron  10  in.  fron  the  landward  end  to 

2-.L 

6-u 

13-M 

20  in.  fron  the  seaward  end,  entire 
strand  heavily  corroded 

7 

12-H 

Not  available 

Moderate  corrosion  on  nost  of 
nidsection 

8 

6-H 

Ij-L 

Moderate  corrosion  31-50  in.  fron  tlic* 

6-m 

6-m 

landward  end 

9 

1«-H 

6— M 
5l«-H 

Central  part  of  the  strand  heavily 
rusted 

* 9-H,  2-M,  1-L  denotes  heavy  corrosion  on  the  first  9 in. , noderate  on 
the  next  2 in. , and  light  on  the  next  1 in.  of  the  strand. 


« 

19.  The  length  of  external  corrosion  on  the  streuids  of  bean  21 
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VAS  sonewh&t  lesc  than  that  on  the  strands  of  beam  13;  however,  the  in- 
tensity of  the  rusting  was  E»*eater.  Heavy  rustinp,  at  the  landward  end 
generally  extended  to  10-10  in.  frcsa  the  end  of  the  beam.  Then  the  rust- 
ing became  moderate  and  was  considered  light  after  15  in.  The  only  ex- 
ception was  strand  3,  which  was  heavily  corroded  to  30  in.  from  the  end 
of  the  strand.  The  rust  at  the  seaward  end  was  much  more  extensive  on 
the  strands  of  be&m  21  than  that  on  the  strands  of  the  seaward  end  of 
beam  13.  The  rust  generally  extended  inward  from  the  end  of  the  beam 
for  more  than  20  in.  and  in  one  case  extended  to  60  in.  from  the  end  of 
the  strand.  The  rust  was  categorized  as  heavy  over  most  of  the  corroded 
length,  but  the  heavy  corrosion  occurred  away  from  thv.  end  of  the  strand. 
Strands  Ii,  B,  and  9 bad  moderate  rust  at  the  ends  and  heavy  rust  far- 
ther into  the  strand. 

20.  Corrosion  on  the  central  section  of  the  strands  in  beam  21  was 
to  a large  extent  heavy,  as  described  in  the  previous  paragraph.  Of  the 
spots  not  covered  by  the  description  in  paragraph  19,  most  were  lightly 
rusted.  Strands  4 and  5 had  heavy  rust  for  10  and  12  in.,  respectively, 
and  the  entire  central  section  of  strand  6 was  heavily  rusted. 

21.  The  interior  wire  of  this  beam  shoved  the  same  results  as  did 
the  interior  wire  of  beam  13.  The  corrosion  of  the  center  wire  matched 
that  of  the  outer  vires.  Photos  9a-9d  show  the  center  wire  in  relation 
to  the  outer  vires  of  stx'onds  )<,  6,  8,  and  9*  In  all  cases  where  the 
outer  wires  were  heavily  rusted,  the  inner  wires  were  also,  and  where 
the  outer  wires  were  lightly  rusted,  the  center  vires  were  also. 

22.  The  rusting  on  the  strands  was  heavier  in  beam  21  than  in 
beam  13.  Photo  10  shows  wires  from  strand  6 of  beam  21  at  a point 

2li  in.  fi’om  the  seaward  end  of  the  beam  where  two  outer  wires  and  the 
inner  wire  were  corroded.  Tfiis  I'esult  was  euLso  shown  in  the  structural 
testing  of  the  strands  of  beams  13  and  21. 

3 

23.  Rochore  found  that  the  internal  corrosion  of  the  strand  had 
progressed  farther  from  the  ends  of  the  beam  than  the  external  corrosion. 
His  observations  showed  that  the  center  wire,  and  the  internal  sxurfnces 
of  the  six  external  wires,  were  rusted  for  a longer  length  inward  from 
the  beam  ends  than  the  external  surfaces  of  the  six  external  wires.  His 
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conclusions  verc  that  ws^.cr  iml  oxygen  progressed  lUong  the  voids  sur- 
rounding the  ct.vter  vlre  mid  reached  farther  into  the  hestt  InfeerDally 
thsn  externally.  A siallsr  observation  ws  not  wade  during  t?io  >Rjric  re- 
ported hero.  The  eaute  of  the  differences  in  observations  is  not  Jcn-^vn. 
Many  factors  were  liffcrent  between  the  pairs  at  beams  X’tported  on  here 
and  previously.^  The  prestressing  loads  for  beaac  studied  previously,^ 

Nos.  I<  and  8,  were  approximately  1 percent  and  70  percent  of  u.iti»ate 
strand  strength,  respectively.  Beaws  13  and  21  studied  In  this  work  were 
both  loaded  to  70  perf:ent  of  ultimate  strength  of  the  prestressing 
strands.  Beams  '<  and  6 were  placed  at  Treat  Island  without  being  flex- 
urally  loaded,  while  beams  13  and  21  were  loaded  in  flexure  to  108  per- 
cent and  100  percent  cC  the  prestressing  load  to  balance  the  compressive 
stresses  placed  on  the  concrete  at  the  time  of  preatress  transfer.  An 
||  additio...xl  difference  was  that  beams  k and  8 were  returned  to  the  WES  in 

1968  while  beans  13  and  21  remained  at  the  exposure  site  until  197^* 

2k.  One  possible  reason  why  the  greater  extent  of  corrosion  was 
not  found  in  this  work  is  that  the  higher  level  of  tensile  stfesa  in  the 
strands  caused  by  the  additional  flexural  loading  of  beans  13  and  21  may 
have  increased  the  degree  to  which  the  bond  was  destroyed  alon^  the  strand. 
Also,  the  additional  period  of  6 years  of  exposure  to  freezing  and  thaw- 
ing may  have  increased  the  degree  of  bond  fallvu’e  to  the  point  where  the 
progress  of  water  and  oxygen  was  the  same  as  that  along  the  center  wire. 


Tensile  Strength  and  Elastic  Properties  of  Strongs 

25.  Four  strands  from  each  of  the  two  beams  were  tension-tested 
to  determine  ultimate  tensile  strength,  ultimate  tensile  stress,  total 
elongation,  and  load  at  1 percent  elongation.  The  testing  was  conducted 
in  general  accordance  with  the  applicable  portions  of  ASIM  Designation: 

A I4I6-68  (Reference  5)  and  the  results  compared  with  the  stated  specifi- 
cations for  this  type  of  prestressing  strand.  The  specifications  are 
as  follows: 


Minimum:  load  at  1 percent  extension: 

7650  lb 

Minimvo:;:  ultimate  load: 

9000  lb 

Minimum  tot  il  elongation: 

3.5  percent 

20 

Sf , TiiK*  9"  t ..-ids  treat  hwt  13  V‘'*re  cenaid«»yed  ta  the 

lenat  Orirroa^d  of  the-  nlste  atrands  af  that  be«a,  Oaly  tvi-»  t>f  tne  strands 
»et  this  requifeReuts  of  >Ai^W  A for  ultiMt*  load,  dad  fi'nt  of  the 

gjMeciJsens  passed  the  requirewnta  for  minlttUBi  percent  total  elcngatlon. 
rewltc  obtained  iare  given  helev; 


Strand. 

Ol.timate 

lb 

Ultimate . 

Stress 

nsl 

Load  at 
1 Percent 
Exter.aicn 
lb 

Total 

Elongtation 

percent 

i'- 

9090 

- 258,039 

8300 

2.11* 

- 215 ,3U 

1 

0.80« 

c%- 

islSo 

260.795 

TTOO 

2.85* 

- 0 

235,795 

P250 

1.05* 

* rtr^d  not  r^e»it"  AlvYH  ainiiayB;  requirements  for  total 
«iOngat?.oUf  - . - 

e*  S\i^ne  did  not  K«et  ASlls  Winimum  requiresents  for  alvi** 

, . ■ riate  lojid',. 

t Strand  did  not  reach  1 percent  exvr5n«ion  faUu.v«, 

. Beim  fil 

Zl,  The  four  strands  of  beam  01  th-.t  >!erc  tensaon-tested  had  the 
stress-strain  characteristics  presented  belovr  Ail  four  strandr  failed 
to  meet  ASTM  requirements  for  ultimate  loed»  load  at  1 cxteiiolon, 

and  tutor  elongation. 


Strand 

Ultimate 
Load,  lb 

Ultimate 

Str^EC 

psi 

L ad  at 
1 Perce.ufc 
intension 
lb 

Total 

Slongation 

percent 

1 

7LhO* 

2U.36L 

0.85t 

2 

60fl0* 

172,727 

»e 

0.62+ 

5 

J«3Y0* 

I2i<,l5»7 

o.sat 

7 

7880* 

223.86L 

«» 

0.87t 

^ Strand  did  not  meet  ASIM  minimum  requirements  for  ulti- 
mate load. 

**  Strand  did  not  reach  1 percent  extension  before  failure, 
t Strand  did  not  meet  ASIM  mlhliman  requirements  for  total 
elongation. 


A typical  stress-strain  curve  for  each  beam  is  presented  in  Plate  1. 
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LiiPth  of  Carbonation 


tS.  Slices  of  concrete  from  the  top  hiJLvea  of  beams  13  and  21 
were  tested  fox*  depth  of  carbonation.  The  ^Ulces  were  approximately 
^ in.  long,  b in.  wide  (th*  full  width  of  the  beam),  and  1/h  in.  thick. 
The  slxcen  were  tak^n  from  the  top  of  each  beam  down  to  the  level  of  the 
top  row  of  presti’ensing  strands.  Each  section  wos  treated  with  a 1 per- 
cent anhydrous  phenolphth^lein  solution.  Piienolphthalein,  being  an  acid- 
base  indicator,  turns  pink  in  the  presence  of  alkalies  wiilj  a pH  greater 
than  8.2  (Reference  6)  and  remains  clear  in  the  ;‘»rei»ence  of  acids  or 
alkalies  with  a pH  lower  than  8.2.  By  coating  the  cross-sectional 
slices  with  this  indicator,  the  depth  of  carbonation  can  be  visibly 
determined. 

29.  !•>  Photos  11  and  12  it  can  be  seen  that  the  depth  to  which 

carboxictlon  penetrated  was  less  than  l/l6  in.  In  most  cases  the  phenol- 
phtholein  indicator  turned  red  at  the  outer  surface  of  the  beam.  This 
was  true  of  slices  from  both  beams.  In  these  photographs  the  darker 
areas  represent  the  concrete  that  had  not  been  carboxiated,  and  the 
lighter  concrete  areas,  if  there  are  any,  near  the  surface  of  the  beam 
represent  the  depth  of  carbonation.  It  should  be  noted  that  the 
aggregate  is  light  because  it  is  limestone  and  a carbonate  aggregate. 

The  approximate  locations  of  the  sections  are  given  below: 


i-Section 

Distance  from 
Landward 
in. 

Depth  from  Top 
of  Bean,  in. 

13-1 

b6 

1 

13-2 

li6 

P 

13-3 

b6 

13-1< 

k6 

ii 

13-5 

k6 

5 

21-1 

2k 

1 

21-2 

2k 

2 

21-3 

2k 

3 

21-U 

2k 

1* 

2i-5 

2k 

5 

30.  This  test  was  px’eviously  conducted  on  beam  8 from  the  same 
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U;pth  of  Carbonatlon 


rS.  tUicea  of  concrete  fr->m  the  top  halven  of  beams  and  2.1 
were  tested  fox*  depth  of  curbenatlen.  The  slices  wer*  approximately 
in.  long,  !«  in.  wide  {thi  full  width  of  the  beam),  and  l/*<  in.  thick. 
The  sixteen  were  tah^n  from  the  top  ox*  each  beam  down  to  the  level  of  the 
top  row  of  prestrensing  strands.  Each  section  w&s  treated  with  a 1 per- 
cent anhy<irau8  phenolphth^leln  solution.  Phenolphthalein , being  an  acid- 
base  indicator,  turns  pink  in  the  presence  of  alkalies  with  a pH  greater 
than  8.2  {Beference  6)  and  remains  clear  in  the  rrCiXence  of  acids  or 
alkalies  with  a pK  lower  than  8.2.  By  coating  the  cross-sectional 
slices  with  this  indicator,  the  depth  of  carbonation  can  be  visibly 
determined. 

29*  Hiotos  11  and  12  it  can  be  seen  that  the  depth  to  which 
earb^ nation  penetrated  was  less  than  l/l6  in.  In  most  cases  the  phenol- 
phthalein indicator  turned  red  at  the  outer  surface  of  the  beam.  This 
was  true  of  slices  from  both  beams.  In  these  photographs  the  darker 
areas  represent  the  concrete  that  had  not  been  carbonated,  and  the 
lighter  concrete  areas,  if  there  are  any,  near  the  surface  of  the  beam 
represent  the  depth  of  carbonation.  It  should  be  noted  that  the 
aggregate  is  light  because  it  is  limestone  and  a cai'bcnate  aggregate. 

The  approximate  locations  of  the  sections  are  given  below: 


B-Section 

Distance  from 
Landward  End 
in. 

Depth  from  Top 
of  Beam.  in. 

13-1 

Ii6 

1 

13-2 

li6 

? 

13-3 

liG 

13-l< 

li6 

4 

13-5 

I46 

5 

21-1 

24 

1 

21-2 

24 

2 

21-3 

24 

3 

21-14 

24 

4 

21-5 

24 

5 

30.  This  test  was  previously  conducted  on  beam  8 from  the  same 


series  of  beams  and  the  results  reported  in  Report  3 (Reference  3);  the 
results  of  both  tests  are  similar. 

Degree  of  Chloride  Contamination 

31.  From  each  beam,  samples  of  concrete  were  taken  and  tested  for 
decree  of  chloride  contamination.  The  concrete  smnples  were  1/U  in. 
thick  and  were  taken  from  beam  13  at  depths  of  5/8*  1-3/8,  D-5/8,  and 

3-3/8  in.  from  the  surface  and  labeled  samples  1-h,  respectively;  slices 

were  taken  from  beam  21  at  depths  of  &/8,  1-5/8,  2-3/8,  and  3-1/8  in. 
from  the  surface  ojid  labeled  samples  l-h,  respectively.  The  location  of 
each  sample  and  chloride  content  in  percent  by  weight  of  concrete  are 
presented  in  the  I'ollowing  tabulation. 

Depth  from  Distance  from  Chlorides,  % 

Nearest  Surface  Landward  End  by  Weight  of 


Beam-Sample 

of  Beam.  in. 

in. 

Concrete 

13-1 

1/2 

30 

0.803 

13-2 

1-3/8 

30 

0.585 

13-3 

2-5/8 

30 

0.689 

u-u 

3-3/8 

30 

0.762 

21-1 

5/8 

26 

0.839 

21-2 

1-5/8 

26 

0.582 

21-3 

2-3/8 

26 

0.J<71 

21-1< 

3-1/8 

26 

0.l4l<3 

32.  The  concrete  was  analyzed  for  chloride  content  using  the 

7 

silver  nitrate  titration  procedure  described  by  Berman.  The  chloride 
contents  reported  ranged  from  to  0.839  percent  by  weight  of  con- 

crete. Plate  2 shows  that  chloride  content  decreases  with  depth  in 
beam  21  but  not  in  beam  13,  where  an  initial  decline  was  followed  by  an 
increase.  This  relation  was  previously  observed  by  Roshore  (Reference 
3)  in  specimens  from  St.  Augustine. 
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PART  IV:  CONCLUSIONS 


! 


1 


33>  The  external  corrosion  of  the  steel  strands  in  both  beans  vas 
heavier  at  the  ends  than  in  the  raidsections  of  the  strands.  Although  in 
some  strands  extensive  heavy  corrosion  vac  found  on  the  midsection,  F,en- 
erally  the  midsection  vas  only  lightly  rusted.  Since  it  vas  noted  that 
small  pieces  of  cement  paste  vere  attached  to  the  strands  in  areas  of 
light  rusting  and  no  cenent  paste  vas  on  the  strands  in  areas  of  heavy 
corrosion,  it  vas  concluded  that  the  areas  in  vhich  there  vas  good  bond 
betveen  the  cement  paste  and  steel  vere  protected  against  heavy  rusting. 

3^ . From  the  structural  tests  conducted  on  the  most  sound  strands 
of  each  bean,  it  vas  concluded  that  the  extent  of  corrosion  on  the 
strands  of  pretensioning  steel  vas  severe  enough  to  reduce  the  tensile 
properties  of  the  steel  to  an  unacceptable  level. 

35 • There  vas  only  one  case  in  vhich  the  corrosion  on  the  center 
vire  extended  farther  into  the  beam  than  did  the  corrosion  on  the  outer 
vires.  In  all  the  other  cases,  the  Intensity  and  length  of  the  rust 
along  the  center  vire  matched  that  along  the  outer  vires.  From  these 
results,  it  vas  concluded  that  (a)  vater  traveled  along  the  length  of 
the  strand  only  vhere  there  vas  little  or  no  bond  betveen  the  cement 
paste  and  steel,  (b)  corrosion  of  the  center  vire  vas  the  result  of 
water  and  oxygen  seeping  into  the  strand  from  the  cement  paste-steel 
interface  rather  theu^  from  progression  along  the  central  strand,  and 
(c)  corrosion  due  to  vater  being  pulled  farther  into  the  strand  length 
by  the  center  vire  did  not  exist.  This  conclusion  differs  from  that 

3 

given  by  Roshore.  The  difference  may  be  due  in  large  part  to  differ- 
ences in  load  level  applied  to  the  beams  as  these  affected  the  (luadity 
of  bond  betveen  paste  and  steel  over  a long  exposure  time. 

36.  Results'  of  tests  conducted  to  ascertain  the  depth  of  carbon- 
atlon  by  coating  sliced  sections  vith  phenolphthalein  indicator  revealed 
carbonation  depths  to  I/I6  in.  or  less.  It  vas  therefore  concluded  that 
carbonation  was  not  a determining  factor  in  the  corrosion  of  the  steel. 

37*  Results  of  tests  for  degree  of  chloride  contamination  re- 
vealed chloride  contents  ranging  from  O.I4I43  to  0.839  percent  by  weight 


2I4 


of  concrete.  In  beam  21  the  chloride  content  decreased  vith  depth  from 
the  surface;  in  beam  13  an  initial  decline  in  concentration  with  depth 
for  approximately  1 to  0 in.  was  followed  by  an  increase  (see  Plate  2). 
From  these  results  It  was  concluded  that  sufficient  chlorides  were 
present  in  the  concrete  to  be  a major  cause  of  corrosion  of  the  steel. 

38.  It  is  also  concluded  that  the  3-  by  by  1/2-in. -thick  epoxy 
end  protection  pads  did  not  ade<iuately  protect  the  ends  of  the  strands 
from  corrosion. 

39*  Sufficient  corrosion  data  were  not  obtained  to  establish  a 
relationship  between  durability  and  intensity  of  loading. 
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b.  Beara  21 


Photo  2.  Spalling  damage 


a.  Landward  and 


a.  He&vy 


b.  Light 


Photo  7.  Examples  of  strand  corrosion 


Strand  7 at  10  in.  from  landward  end 


c.  Central  section  of  strand  8 at  17  in.  from 
landward  end 

Photo  8.  Relation  between  outer  wires  and  inner 
wire  of  some  strands  in  beam  13 
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